Reactive sulfane sulfur species such as hydrogen polysulfide and organic persulfide 21 are newly recognized as normal cellular components, involved in signaling and 22 protecting cells from oxidative stress. Their production is extensively studied, but 23 their removal is less characterized. Herein, we showed that reactive sulfane sulfur is 24 toxic at high levels, and it is mainly removed via reduction by thioredoxin and 25 glutaredoxin with the release of H 2 S in Escherichia coli. OxyR is best known to 26 respond to H 2 O 2 , and it also played an important role in responding to reactive sulfane 27 sulfur under both aerobic and anaerobic conditions. It was modified by hydrogen 28 polysulfide to OxyR C199-SSH, which activated the expression of thioredoxin 2 and 29 glutaredoxin 1. This is a new type of OxyR modification. Bioinformatics analysis 30 showed that OxyRs are widely present in bacteria, including strict anaerobic bacteria.
To confirm the change of intracellular sulfane sulfur in vivo, we constructed a 141 transcription factor (TF)-based reporting plasmid, which contained a sulfane 142 sulfur-sensing TF (CstR) (Luebke et al, 2014) , its cognate promoter (Pcst), and a red 143 fluorescent protein (mKate, with a C-terminus degradation tag ssrA) (Fig. 1C) . Using 144 the reporting plasmid, the increase of intracellular sulfane sulfur in live cells (Fig. 1A ) 145 was reported as the mKate fluorescence ( Fig. 1D ). When GrxB, GrxC, or GrxD was 146 co-transcribed with mKate under the control of CstR, their expression could partially 147 decrease the sulfane sulfur accumulation as reflected with the mKate fluorescence 148 intensity ( Fig. 1D ). When TrxA was co-transcribed, it did not affect sulfane sulfur 149 accumulation ( Fig. 1D ). However, when thioredoxin reductase (TrxB) was 150 co-expressed with TrxA, sulfane sulfur were not increased during the log phase of 151 growth (Fig. 1D) . These results indicate that thioredoxin and glutaredoxin reduce 152 sulfane sulfur inside E. coli. 153 The artificial operons contained a negative feedback loop when coupled with an 154 enzyme that reduces sulfane sulfur (Fig. 1C&D ). The loop effectively maintained 155 intracellular sulfane sulfur levels within a narrow range, defined by the leaky strength 156 of Pcst and the sensitivity of CstR as well as the controlled enzyme activity. Since 9 KatG under both aerobic and anaerobic conditions 163 We deleted oxyR gene in E. coli and observed that the mutant became more 164 sensitive to exogenously added H 2 S n under both aerobic or anaerobic conditions (Fig. 165 2A). After complementing oxyR into ΔoxyR, the strain reassumed the tolerance to 166 H 2 S n to the same level of the wild type (wt) ( Fig. 2A) . The results indicated that OxyR 167 play an important role in dealing with the exogenously sulfane sulfur stress both 168 under aerobic or anaerobic conditions. Compared with wt, ΔoxyR had higher 169 intracellular sulfane sulfur at log-phase ( Fig. 2B ). In addition, when the ΔoxyR cells at 170 the stationary phase were transferred into fresh LB medium at OD 600 of 1, the 171 decrease of the intracellular sulfane sulfur and release of H 2 S were slower than that of 172 the wt cells ( Fig. 2C and Fig. 1B) . The results suggested that OxyR responds to 173 sulfane sulfur and activates the expression of sulfane sulfur reduction enzymes. To confirm OxyR responds to H 2 S n and activates the expression of trxC, grxA 182 and katG, we constructed three reporting plasmids with an mKate gene under the 183 control of a trxC, grxA, or katG promoter. These plasmids were transformed into E. 184 coli wt and ΔoxyR. The recombinant cells were subjected to H 2 S n stress under aerobic 185 11 conditions. In wt, all three promoters led to a low mKate expression in the absence of 186 H 2 S n but resulted in obviously higher expression when H 2 S n was added ( Fig. 3A ).
187
Whereas in the ΔoxyR strain, the three promoters led to constantly low expression of 188 mKate with or without H 2 S n stress (Fig. 3B ). After introducing oxyR back to ΔoxyR, 189 the promoters performed the same as that in wt (Fig. 3C ). Further, overexpression of 190 trxC, grxA, and katG in E. coli ΔoxyR decreases intracellular sulfane sulfur ( Fig. S1 ). We also test the induction by H 2 S n under anoxic conditions using qPCR as The molecular mechanism of OxyR sensing H 2 S n 232 OxyR contains six cysteine residues. Previous studies indicated two of them 233 (Cys 199 and Cys 208 ) are involved in ROS sensing (Zheng et al, 1998) . We constructed 234 an OxyR 4C→A mutant (except for Cys 199 and Cys 208 , the other four cysteines were 235 mutated to alanines) and expressed it in ΔoxyR. The mutant regulated trxC, grxA, or 236 katG promoters essentially the same as the wild-type OxyR in the presence of H 2 S n .
237
Whereas, OxyR C199S , OxyR C208S , and OxyR C199S; C208S all lost the regulation function 238 ( Fig. 3D ). Together, these results indicated that the same as in ROS sensing, only 239 Cys 199 and Cys 208 are involved in H 2 S n sensing.
240
To find out the molecular mechanism on how OxyR senses H 2 S n , mass 241 spectrometry analysis was performed to analyze the H 2 S n -treated OxyR. A short 
247
Cys 208 was not modified by IAM indicating that it is not accessible to IAM, consistent 248 with a previous report that Cys 208 is buried in the protein (Kim et al, 2002) . No 249 peptide containing both Cys 199 and Cys 208 was detected. These data collectively 250 indicated that OxyR senses H 2 S n via persulfidation on Cys 199 , other than forming 251 disulfide or -S n -(n≥3) bond between Cys 199 and Cys 208 . fold-change), and a putative single-stranded DNA binding protein, suggesting that 265 H 2 S n is toxic to E. coli (Xu et al, 2018) . When we checked sulfane sulfur-removing 266 enzymes, GrxA had the highest (2.1 fold) and TrxC and KatG had mild (1.6 fold and 267 16 1.5 fold) transcriptional increases in H 2 S n -stressed cells (Fig. 8A) , consistent with the 268 results of fluorescence reporting systems (Fig. 3) ; whereas, the other sulfane 269 sulfur-reducing enzymes TrxA, TrxB, and GrxD had no obvious transcriptional 270 change, and GrxB and GrxC had a slight decrease ( Fig. 8A and 8B) . These proteins 271 are regulated by nutrient related regulators and are highly abundant in E. coli (Lim et 272 al, 2000; Srivatsan & Wang, 2008) (Fernandes et al, 2005; Fernandes & Holmgren, 273 2004; Ritz et al, 2000) , suggesting that they may play the "house-keeping" role and respectively; whereas, among the 1150 genes affected by H 2 S n stress, only about 1/3 285 were upregulated ( Fig. 8C and D) . Gene ontology (GO) analysis indicated the cellular 286 processes affected by them were different. For instance, H 2 S n stress upregulated more 287 genes pertaining to cellular component, e.g., cell part (GO:0044464) and 288 macromolecular complex (GO:0032991), and downregulated more genes pertaining 289 to molecular function, such as molecular transducer activity (GO:0060089) and signal 290 transducer activity (GO:0004871); whereas H 2 O 2 stress upregulated more genes 291 pertaining to molecular function, e.g., ribonucleotide binding (GO:0032553) and 292 carbohydrate derivative binding (GO:0097367), and downregulated no gene 293 pertaining to cellular component ( Fig. S5 and S6) . The TCA cycle is upregulated by 294 H 2 S n stress but downregulated by H 2 O 2 stress; biosynthesis of secondary metabolites 295 (i.e. serine hydroxymethyltransferase, beta-gulcosidase, 296 3-deoxy-7-phosphoheptulonate synthase, etc.) is downregulated by H 2 S n stress but not 297 affected by H 2 O 2 stress ( Fig. S7 and S8) . and SodC, but did not affect the expression of CARS (encoded by cysS) (Fig. 8B) .
300
These four enzymes are all involved in sulfane sulfur generation. Whereas, H 2 O 2 301 18 stress significantly upregulated the expression of CARS and SodA, consistent with the 302 report that proteins involved in sulfane sulfur biosynthesis are induced under 303 oxidative stress because sulfane sulfur functions as antioxidants (Fukuto et al, 2018) . 304 GrxA, TrxC, and KatG were similarly upregulated by H 2 S n and H 2 O 2 stress; Trx A 305 and TrxB were not obviously affected by H 2 S n stress, but H 2 O 2 stress upregulated 306 them ( Fig. 8A and B) . Overall, the transcriptomic data indicated that H 2 S n and H 2 O 2 307 stresses lead to largely different responses in E. coli. However, some proteins like 308 TrxC, GrxA, and KatG, are likely involved in alleviating both stresses.
310
The distribution of OxyR in sequenced bacterial genomes 311 Several sulfane sulfur-sensing TFs have been discovered, and all are involved in 312 regulating the genes involved in sulfur oxidation (H et al, 2017; Lira et al, 2018; 313 Luebke et al, 2014) . OxyR is the first global gene regulator that also senses sulfane 314 sulfur. Thus, we invested the distribution of OxyR among 8286 microbial genomic 315 sequences (NCBI updated until November 11, 2017) is more likely to deal with H 2 S n stress than H 2 O 2 stress, as the latter is not an issue 325 under anaerobic conditions. It is noteworthy that intestinal tract is an anoxic and 326 sulfur rich environment (Daeffler et al, 2017; Espey, 2013 In this study, we reported the fifth type modification of OxyR, C199-SSH, which 332 is modified by H 2 S n . H 2 S n -modified OxyR upregulates the expression of TrxC, GrxA, 333 and KatG; these enzymes can convert sulfane sulfur to releasable H 2 S or H 2 S n O y (Fig.   334 9). Other OxyR-regulated proteins like hydroperoxide reductase AhpF, DNA 335 protection protein Dps, and transcriptional regulator Fur are also upregulated under 336 H 2 S n stress (Fig. 8A) . Therefore, as other modifications (Haridas et al, 2005; Kim et 337 al, 2002; Seth & Stamler, 2012) , C199-SSH should also lead to multi-level 338 transcriptional responses. Although Cys 208 is not modified by H 2 S n , it plays a critical 339 role during H 2 S n sensing, probably stabilizing the active C199-SSH. Reactive sulfane sulfur species are essential intracellular contents. They are 345 beneficial at low levels (Ida et al, 2014; Mustafa et al, 2009; Paul & Snyder, 2015) ; 346 however, they are toxic at high levels. Our systematic study of H 2 S n stress unveiled 347 that TrxA, TrxB, GrxB, GrxC and GrxD may function as a house-keeping machinery 348 to prevent the buildup of intracellular RRS to toxic levels; OxyR-regulated GrxA,
349
TrxC and KatG may function as emergency backups to deal environmentally 350 confronted or abnormally over-accumulated sulfane sulfur. Glutathione redoxins and 351 thioredoxins reduce sulfane sulfur to H 2 S that is released out of the cell for 352 microorganisms growing under anaerobic conditions (Abe et al, 2007; Sato et al, 2011; 353 Xia et al, 2017) . For bacteria or animal host with SQR, the released H 2 S is captured 354 and oxidized back to sulfane sulfur under aerobic conditions (Lagoutte et al, 2010) .
For E. coli and bacteria without SQR, H 2 S will be released even under aerobic 356 conditions (Li et al, 2019; Xia et al, 2017) . 357 S and O are both chalcogens. Reactive sulfane sulfur species are similar 358 chemicals to ROS (e.g., HSSH vs H 2 O 2 ) (Deleon et al, 2016) ; their modifications to 359 proteins are also analogous, i.e., protein-SSH vs protein-SOH (Mishanina et al, 2015) . 360 From an evolutionary perspective, the former's history can be traced back before the 361 Great Oxidation Event (GOE), when O 2 had not been generated by cyanobacteria. As 362 an abundant element on ancient earth, S should play important roles in ancient 363 microorganisms. Therefore, sulfur metabolism related enzymes had emerged before 364 the oxygen's era. It is reasonable to speculate that the anti-ROS proteins are derived 365 from anti-sulfane sulfur ones (Olson et al, 2017) . Possibly that is the reason why the 366 anti-ROS network largely overlaps with that of anti-sulfane sulfur. On the other hand, 367 we also observed that E. coli has obviously responding-discrepancies when 368 confronting H 2 O 2 or HSSH (Fig. 7) . These discrepancies are in agreement with the 369 multi-level transcriptional responses of OxyR when activated by different reagents 370 (Haridas et al, 2005; Kim et al, 2002; Seth & Stamler, 2012) . 371 In conclusion, we discovered that E. coli uses thioredoxins, glutaredoxins, and 372 catalase to control homeostasis of intracellular sulfane sulfur. OxyR functions as a 373 reactive sulfane sulfur sensor via persulfidation of its Cys 199 both under aerobic or 374 anoxic conditions. This is the fifth type modification observed for OxyR activation.
375
Since OxyR is widely distributed in both aerobic and anaerobic bacteria, the 376 OxyR-regulated network may represent a conserved mechanism that bacteria can 377 22 resort to when confronting endogenous and/or exogenous sulfane sulfur stress. All strains and plasmids used in this study are listed in Table S2 . Deletion of oxyR 382 was performed following a reported method (Datsenko & Wanner, 2000) . E. coli 383 strains were grown in Lysogeny broth (LB) medium. Antibiotics (50 µg/ml) were Endogenous sulfane sulfur analysis 394 SSP4 probe was used for batch analysis. Cells were washed with and resuspended in 395 HEPES buffer (50 mM, pH 7.4); then 10 µM SSP4 and 0.5 mM CTAB were added.
396
After an incubation at 37°C for 15 min in the dark with gently shaking (125 rpm), 397 reagents were washed off with HEPES buffer (50 mM, pH 7.4). Reacted-cells were 398 subjected to flow cytometry (FACS) analysis by using BD Accuri TM C5. For each 399 23 sample, >10,000 cells were analyzed in FL1-A channel. The average fluorescent 400 intensity was used.
401
The CstR-based reporting system was used for real-time analysis. cstR gene was 402 chemically synthesized by Genewiz (Shanghai) company and expressed with P lacI 403 promoter in pTrcHis2A plasmid, where the trc promoter was replaced by the CstR 404 cognate promoter, and a mkate gene (with a C-terminus degradation tag ssrA) was put 405 after it (Table S2 , entry 22). For trxA, trxB, grxB, grxC, or grxD overexpression 406 experiment, the gene was put after mkate, separated by an rbs sequence (Table S2 , 407 entries 23~27). E. coli strains containing reporting plasmids were culture in LB 408 medium at 37 o C with shaking (220 rpm). Fluorescence was analyzed by FACS 409 (FL3-A channel, >10,000 cells).
411
Hydrogen sulfide production analysis 412 Production of hydrogen sulfide was determined using a previously reported method 413 (Kimura et al, 2015) . Briefly, hydrogen sulfide was derivatized with mBBr then 414 analyzed by HPLC (LC-20A, Shimadzu) equipped with a fluorescence detector 415 (RF-10AXL, Shimadzu). A C18 reverse phase HPLC column (VP-ODS, 150×4 mm, 416 Shimadzu) was pre-equilibrated with 80% Solvent A (10% methanol and 0.25% 417 acetic acid) and 20% Solvent B (90% methanol and 0.25% acetic acid). The column 418 was eluted with the following gradients of Solvent B: 20% from 0 to 10 min; 20%-40% 419 from 10 to 25 min; 40%-90% from 25 to 30 min; 90%-100% from 30 to 32 min; 100% 420 from 32 to 35 min; 100 to 20% from 35 to 37 min; and 20% from 37 to 40 min. The 421 24 flow rate was 0.75 ml/min. For detection, the excitation wavelength was set to 340 nm 422 and emission wavelength was set to 450 nm. 423 424 H 2 S n inhibition and induction tests 425 For growth inhibition test, middle-log phased E. coli cells (OD600=0.8) were diluted 426 and dripped in freshly prepared LB agar medium containing 0 or 100 µM H 2 S n and 427 incubated in 37°C under aerobic conditions. For anaerobic conditions, the anaerobic 428 LB agar plates were prepared in an anaerobic glove box and the dilution and drip of E. 429 coli cells also performed in an anaerobic glove box, then incubated in an anaerobic 430 incubator at 37°C for 24 hours. For promoter induction test, a mkate gene was put
